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SECTION  1 
INTRODUCTION 

A previous  report  (Eleiche  and  Campbell  197^,  subsequently  referred  to 

,s 

as  I)  dealt  with  the  influence  of  strain-rate  history  on  the  shear  strength 
ef  OFHC  copper  at  room  temperature  ( 'V'2U“C),  200  and  400*C,  and  of 

commercially  pure  (alpha)  titanium  at  room  temperature.  Shear  stress-strain  t 

curves  were  first  obtained  at  a quasi-static  rate  {'^  10*35"^) and  at  constant  I 

high  rates  ('v-10^  s“'^ ) ; tests  were  then  performed  in  which  the  rate  was  ! 

suddenly  increased  from  the  low  to  the  high  rate  after  a certain  amount  of 
plastic  deformation. 

It  was  found  that  at  a given  temperature  the  high-rate  flow  stress 
always  exceeded  that  required  at  the  same  strain  in  the  low-rate  test. 

The  high-rate  flow  stress  was  also  found  to  depend  on  the  previous  de- 
formation: immediately  after  the  rate  was  increased,  the  flow  stress  was 

less  than  that  obtained  at  the  same  strain  in  a high-rate  test.  This 
difference  was  small  for  titanium,  but  relatively  large  for  copper;  in 
each  case,  the  difference  decreased  with  further  straining,  i.e.  the 
'memory'  of  the  previous  deformation  decayed.  The  strain  required  for 
effective  elimination  of  the  difference  was  much  larger  for  copper  than 
for  titanium,  and  it  increased  with  increasing  pre-strain. 

The  results  for  copper  showed  that  the  incremental  stress,  i.e.  the 
difference  between  the  high-rate  value  ai.d  the  low-rate  value,  varied 
relatively  little  with  temperature,  over  the  range  covered.  Thus  it  did 
not  appear  to  be  described  by  a simple  rate  equation  with  a constant 
activation  volume.  The  purpose  of  the  present  work  was  to  obtain  further 
results  for  the  same  two  metals  over  a wide  temperature  range  including 
values  below  ambient;  to  obtain  comparable  data  for  a third  contrasting 
material,  namely  mild  steel;  and  to  interpret  the  results  for  all  three 


materials  in  terms  of  proposed  microscopic  and  macroscopic  theories  of  rate- 
dependent  plastic  flow  in  metals. 


Particular  q,uestions  of  dynamic  plasticity  to  which  the  investigation 
is  relevant  include  the  following: - 

(1)  The  extent  to  which  the  structure  of  metals  and  alloys  is  a function 
of  the  previous  strain-rate  history,  rather  than  the  current  value  of 
plastic  strain. 

(2)  The  extent  to  which  the  rate  dependence  can  be  explained  in  terms  of 
thermal-activation  rate  analysis. 

(3)  The  applicability  of  proposed  forms  of  macroscopic  constitutive  relation 
to  deformation  of  metals  and  alloys  at  varying  strain  rates. 


If  it  is  assumed  that  the  observed  plastic  strain-rate  is  the  sum  of 
rates  caused  by  a number  of  different  thermally-activated  micro-mechanisms 
of  deformation,  each  dependent  on  the  stress  t and  the  current  structure  of 
the  material,  we  may  write  _ ~ 


^ A^(i: , T,  s^)  exp 


AG.  (t,  T,  s^) 
kT 


(1) 


where  is  the  frequency  factor  and  AG^  is  the  free  activation  energy  for  the 
ith  deformation  mechanism,  k is  Boltzmann's  constant,  T is  the  absolute 
temperature  and  the  parameters  represent  the  current  structure  of  the 
material.  The  pareuneters  s^  must  evidently  be  determined  by  the  number  and 
distribution  of  all  the  lattice  imperfections,  solute  atoms,  second-phase 
particles,  grain  or  twin  boundaries  and  other  features  of  the  microstructure. 

For  a given  material,  some  of  these  parameters  are  governed  by  the  initial 
state  of  the  raateriaJ.,  while  others  depend  on  the  plastic  deformation  itself. 

The  simplest  assumption  that  can  be  made  is  that  for  a given  initial  state 
the  structure  is  uniquely  defined  by  the  plastic  strain.  Making  this  assumption 
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(1)  reduces  to  what  has  become  known  as  the  'mechanical  equation  of  state', 
which  may  be  written 

P (t,  Y^,  Y^.  T)  ^ 0.  (2) 

Equations  of  this  type  were  proposed  by  Ludwik  (1909),  Zener  arid  llollomon 
lQlt6)i  MacGregor  and  Fisher  (19**6);  and  Hoilomon  {19^7)*  Such 
equations  imply  that  the  material  behaviour  is  independent  of  the  deformation 
history,  being  governed  only  by  the  current  stress,  strain  and  temperature. 

If  the  deformation  is  controlled  by  a single  thermally-activated  process, 
it  may  be  possible  to  simplify  (2)  further  by  employing  a single  variable 
to  characterize  both  the  strain  rate  and  the  temperature.  One  such  quantity 
is  the  Zener-Hollomon  parameter  defined  by 

Z = Y^  exp  [AG/kT| , ( 3) 

where  AG  is  the  activation  energy  for  the  rate-controlling  mechanism.  Tlien 

(2)  becomes 

F (t,  y^,  Z)  = 0.  (It) 

Alternatively,  we  may  use  the  'velocity-modified  temperature'  introduced  by 
MacGregor  and  Fisher  (19^6).  Fig.  1 illustrates  diagrammatically  the 
behaviour  predicted  by  (2)  or  (b):  a sudden  change  of  temperature  or 

strain  rate,  represented  by  AB  or  CD,  gives  a reversible  change  of  stress 
but  no  identifiable  change  of  structure. 

An  equation  such  as  (b),  if  applicable,  is  obviously  of  great  value 
in  predicting  the  behaviour  of  materials,  and  such  equations  have  been  used 
successfully  for  high-temperature  deformation  at  constant  strain  rates  and 
temperatures  (Jonas  et  al.  1969).  However,  deviations  from  an  equation  of 
state  have  been  reported  by  many  workers;  for  example,  Barraolough  and 
Sellars  (197^)  showed  from  hot  torsion  tests  on  stainless  steel  that  the 
equation  does  not  hold  if  Z changes  by  more  than  about  two  orders  of 
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magnitude  during  a change  of  unity  in  the  true  tensile  strain.  Similar 
effects  in  f.c.c,  metals  have  been  discussed  by  Klepackzo  (1975)i  and  the 
b.oc.  metals  molybdenum  and  niobium  have  also  been  shown  to  be  sensitive  to 
strain-rate  history  (Campbell  and  Briggs  19T5)»  It  seems  clear  therefore 
that  in  general  the  parameters  s^  in  (1)  must  be  related  to  the  previous 
mechanical  and  thermal  treatment  rather  than  simply  to  the  current  values 
of  strain  and  temperature.  One  suggestion  which  satis fiesthis  condition 
is  that  the  structure  is  determined  by  the  mean  amplitude  of  the  long-range 
internal  stresses  present  in  the  material.  In  principle  this  may  be 
measured  by  the  applied  stress  needed  to  cause  flow  at  a temperature  high 
enough  to  render  short-range  obstacles  ineffective  (the  'athermal*  component 
of  stress);  this  stress  should  be  essentially  rate-independent.  A general 
treatment  of  this  kind  has  recently  been  given  by  Bodek  (1975). 

Hart  (1970)  has  proposed  a similar  theory  in  which  the  structure  is 
characterized  by  a single  parameter  y which  depends  on  the  previous 
deformation  history,  the  rate  of  change  of  y with  strain  being  a known 
function  of  the  state  variables.  Kocks  et  al.  (1975)  have  reviewed  this 
and  other  similar  constitutive  laws. 

Most  of  the  available  data  relating  to  history  effects  in  the  de- 
formation of  metals  were  obtained  at  low  strain  rates,  using  rate  changes 
of  one  or  two  orders  of  magnitude.  In  the  present  experiments,  however, 
rate  changes  of  up  to  6 orders  of  magnitude  could  be  imposed  during  a 
shear  strain  increment  of  order  10”^.  Very  large  changes  in  deformation 
history  were  therefore  possible,  so  that  deviations  from  a mechanical 
equation  of  state  were  to  be  expected.  The  inclusion  of  temperature  as 
a variable  permitted  an  approximate  correction  to  be  made  to  take  account 
of  the  effects  of  adiabatic  heating.  The  use  of  pure  shear  rather  than 
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tenaile  or  cumpruuaivo  strainiriR  eliminated  the  need  for  convornion  to 
true  atresQ  and  true  ntrain,  and  alao  enabled  deformation  to  be  continued 
to  large  atrainn.  Thua  in  addition  to  providing  data  for  unalycis  and 
compariaon  with  proponed  forms  of  constitutive  relation,  the  results  may 
have  direct  relevance  to  machining  or  other  metal- forming  processes 
involving  deformation  at  high  strains  and  varying  strain  rates  over  a 
range  of  temperatures . 

SECTION  2 

^ ^ ^ ^ EXPERIMENTAL  DETAILS 

All  testa  were  conducted  on  a horizontal  torsional  split  Hopkinson~ 
bar  apparatus (Fig. 2)  the  details  of  which,  together  with  the  associated 
instrumentation,  were  described  before  in  I.  Quasi-static  loading  was 
achieved  by  means  of  a slow  rotational-drive  unit  at  one  end  of  the  system, 
while  the  release  of  a pre-stored  torque  in  a clamped  portion  of  the  input 
bar  at  the  other  end  imposed  the  dynamic  loading.  A theoretical  analysis 
of  the  wave  propagation  in  the  bars  as  well  as  the  actual  observed  wave 
structure  as  affected  by  the  performance  of  the  clamp,  are  discussed  in 
detail  in  Appendix  A.  An  axial  pulse  is  found  to  be  initiated  at  the 
clomp  and  this  arrives  at  the  specimen  before  the  main  torsional  pulse i 
however,  the  amplitude  of  the  axial  pulse  is  small  and  its  effects  are  not 
significant . 

As  described  in  I,  a furnace  was  also  used  for  testing  at  elevated 
temperatures . This  was  continuously  kept  filled  with  dry  argon  when 
testing  titanium  or  mild  steel  specimens,  to  prevent  oxidation.  For 
testing  at  sub-ambient  temperatures,  cooling  of  the  specimens  was  achieved 
by  controlling  the  flow  of  liquid  nitrogen  into  a tufnol  container 
surrounding  the  specimen.  Details  of  this  arrangement  are  presented  in 
Appendix  B. 
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2.2  Specimens  and  Bonding 

Three  materials  were  chosen  for  studyir.fi  the  effects  of  strain-rate 
history  on  shear  strength.  Various  considerations  led  to  the  choice  of  metal 
of  different  crystallographic  structure,  of  varying  purity  and  practical 
importance:  OFHC  copper,  commercially-pure  (alpha)  titanium  and  low-carbon 

steel.  Compositiors  of  the  three  materials  are  given  in  Table  1.  After 
machining  to  the  nominal  configuration  shown  in  Fig.  3,  and  measurement  of 
the  critical  dimensions,  the  specimens  were  annealed  in  a vacuum,  resrd.ting 
in  the  grain  densities  given  in  Table  2.  Photomicrographs  of  annealed  (as 
well  as  tested)  specimens  were  token;  some  of  these  are  presented  in 
section  3. 

Before  testing,  each  annealed  specimen  was  firmly  attached  to  the  inner 
ends  of  the  two  torsion  bars,  thus  reducing  the  system  (at  any  testing 
temperature)  to  a continuous  bar  of  constant  mechanical  impedance,  except 
for  the  short  tubular  gauge  length  of  the  specimen.  A difficulty  always 
exists  in  torsional  split-bar  experiments  concerning  the  method  of 
bonding,  which  should  ensure  continuity  as  well  as  strength  at  any  testing 
temperature.  Various  methods  are  discussed  in  some  detail  in  Appendix  C. 

In  all  tests  conducted  at  room  and  low  temperatures , Araldite  epoxy  cement 
was  used  to  bond  the  specimen  directly  to  the  torsion  bars.  At  elevated 
temperatures,  copper  and  mild  steel  specimens  were  each  brazed  to  a pair 
of  stainless-steel  tubes,  and  the  assembly  then  attached  with  Araldite  to 
the  torsion  bars.  With  titanium,  each  specimen  was  first  mechanically 
attached  to  two  short  stainless-steel  grips  of  proper  dimensions  (Figs.  01 
and  02),  and  this  assembly  was  then  connected  to  the  bars  as  described  for 
copper  and  mild  steel  specimens. 


2.3  Test  Procedure  and  Data  Reduction 


An  account  of  the  test  preparation,  procedure  and  calibration  as  veil 
as  the  data  reduction  has  been  presented  in  I.  One  exception  occurred  for 
elevated -temperature  testing  of  titanium  at  the  Q.uasi-static  strain  rate: 
because  of  design  considerations,  the  specimen  l.D.  was  chosen  to  be 
smaller  than  the  standard  one,  as  can  be  seen  from  Figs.  3 and  C1.  Relatively 
small  torques  were  therefore  sufficient  to  deform  these  specimens  plastically, 
and  recording  of  these  torques  co\ild  not  be  achieved  on  the  Sanborn  recorder 
without  excessive  vibration  of  the  recorder  pen.  Quasi-static  test  results 
were  therefore  recorded  partly  on  the  Sanborn  chart  (twist  vers'us  time), 
and  partly  on  the  oscilloscope  (applied  torque  versus  time).  Most  of  the 
quasi-static  pre-straining  in  rate-jmnp  teats  was  also  recorded  in  the  same 
way;  in  such  a test,  the  oscilloscope  settings  were  readjusted  just  before 
releasingt.ie  clomp,  to  record  the  dynamic  portion  of  the  test  on  the  same 
photograph . 

2.U  Typical  Teat  Records 

A representative  collection  of  records  is  presented  in  Figs.  U,  5 and 
6 for  copper,  titanium  and  mild  steel  respectively,  tested  for  a variety  of 
temperatures  and  strain-rate  histories.  In  all  oscillograJns « the  upper 
trace  shows  the  output-bar  gauge  signal  (i.e.  output  torque),  and  the  lower 
trace  shows  the  input-bar  gauge  signal  (i.e.  input  and  reflected  torque). 

In  certain  tests,  the  timebaae  for  the  upper  traces  was  delayed  relative  to 
that  of  the  lower;  this  delay  is  specified  in  the  list  of  illustrations.  The 
amount  of  qmsi-static  pre-strain  in  each  rate- jump  test  is  given  on  the  figures. 

2.4.1  Copper 

Constant-rate  and  rate-jump  teat  results  at  -150,  -100  and  -50“  C 
are  recorded  in  Fig.  4;  these  results  complement  those  given  in  Figs.  7-9  of 


I. . A definite  yield  point  in  obnervublo  in  euch  of  the  conatant-rate 
reeord:;  (Rigs.  4(a),  ( f; ) , (e)  )•  The  rate-jump  test  records  (Figs.  4 (b), 
(d),  (f)  ) have  a general  appearance  similar  to  that  observed  for  copper 
at  room  and  elevated  temperatures.  Each  output  trace  shows  two  dips,  one 
preccdiii)'  the  torsional  pulse,  the  otlier  about  900  ps  later;  these  are 
apparently  caused  by  the  axial  pui.se  initiated  during  the  clamp  release 
(see  Appendix  A).  Figs.  4 (b),  (d)  and  (f)  show  distinct,  though  small, 
elustic  stress  increments  immediately  following  the  change  in  strain  rate; 
such  increments  were  not  discernible  in  t!io  liiglier  temperature  results 
(see  Figs.  8 and  9 is  l)* 

L'.4,;?  Titanium 

Constant-rate  and  rate- jump  test  records  obtained  for  titanium  at  room 
temperatiure  were  presented  in  I (Figs.  11  and  12).  These  may  be  compared 
with  those  obtained  at  lower  and  higlicr  temperatures,  which  are  shown  in 
Fig.  5. 

The  elevated-temperature  titanium  specimen  design  appears  to  be 
satisfactory,  as  can  be  seen  from  Figs.  5 (h)-(k).  Quasi-static  results 
were  recorded  on  an  oscilloscope  for  torque  (see  Pig.  5 (g)  as  an  example) 
and  on  a Sanborn  chart  for  twist.  Constant-rate  dyneunic  test  results 
(Figs.  5 (h)  and  (j)  ) did  not  exhibit  any  peculiarities  which  could  be 
red.atPd  to  the  mechanical  grips.  The  small  oscillations  on  the  upper  trace 
at  tlie  start  of  yield  were  also  observed  in  some  of  the  lower  temperature 
tests  (see  for  example  Figs.  5 (c)  and  (e)  );  the  small  ripples  superimposed 
on  this  trace  are  a consequence  of  the  high  gain  used. 

For  rate-jump  tests,  the  quasi-static  pre-strainingwas  sometimes  also 
recorded  on  the  oscilloscope  (Fig.  5 (K)  ) or  interpreted  from  the  twist- 
time Sanborn  chart  record;  proper  chocking  of  the  pre-strain  level  could  be 


- 9 - 


achieved  by  comparing  the  original  baseline  for  the  output  trace  on  the 
oscill<’gram  and  the  level  reached  after  triggering  during  the  dynamic 
strain-rate  jump.  At  all  temperatures,  the  rate-jump  test  records  show 
an  elastic  rise  in  stress;  the  subsequent  flow  occurred  at  nearly  constant 
stress  at  the  two  high  temperatures,  while  considerable  work-hardening  is 
observed  at  room  temperature  and  below. 

2.U.3  Mild  Steel 

Fig.  6 presents  a selection  of  constant-rate  and  rate-jump  test  results 
for  mild  steel  obtained  at  various  temperatures  ranging  from  ~1i>0  to  400“C. 
At  the  quasi-static  rate,  dynamic  strain-ageing  was  very  well  exhibited  on 
the  chart  or  oscilloscope  torque  record  when  testing  at  200° C,  as  shown  in 
Figs.  6 (d)  and  (e).  At  higher  or  lower  temperatures,  such  effects  were  not 
observed  (see  Figs.  6 (a),  (b)  and  (c)  ). 

At  the  constant  dynamic  rate,  strain-ageing  does  not  occur,  because  of 
the  short  time  available.  Also,  the  upper  yield  points  are  much  more 
pronounced,  at  all  temperatures  (Figs.  6 ( f) , (i),  (1)  and  (o).  At  large 
strains,  the  strain-hardening  is  reduced  by  thermal  softening,  especially 
at  room  and  lower  temperatures  (Figs.  6 (f)  and  (i). 

Perhaps  the  results  of  the  rate-jump  tests  on  mild  steel  are  the  most 
interesting,  as  seen  in  Figs.  6 (g),  (h),  (j),(k),  (m) , (n),  (p)  and  (q). 

At  all  teraperatvires , a well  defined  elastic  stress  increase  can  be  observed 
on  the  traces  following  the  strain-rate  j\nnp;  at  high  temperatiires  this  is 
followed  by  a sharp  drop  of  stress  to  a lower  yield  point  (Figs.  6 (m) , (n), 
(p)  and  (q)  ).  Plow  continues  at  an  increasing  or  decreasing  stress,  the 
strain-hardening  rate  depending  on  the  test  temperature  and  the  amount  of 
pre-strain. 
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SECTION  :j 

KESlJl.TS  AKD  OISCUSSIONS 

3.  1 Copper 

3.1.1  Cormtant-atrain-rate  reaponae 

The  quaai-static  flow  charactoriatica  of  OFHC  copper  at  the  strain 
rate  of  O.OO3  a“'  and  various  temperatxires  are  presented  in  Fig.  7.  while 
those  for  a dynamic  rate  of  about  900  s~1  are  shown  in  Fig.  0.  Each 
curve  in  these  figures  represents  the  average  of  at  least  two  tests; 
variation  of  strain  rate  and  flow  stress  values  for  an  individual  test 
did  not  exceed  5^  at  most  from  the  values  used  in  plotting  the  curves. 

Yield  and  flow  stresses  as  well  as  strain-hardening  rates  are  seen 
to  be  sensitive  to  temperature.  At  any  constant  temperature,  these 
quantities  are  al.so  influenced  by  strain  rate,  os  shown  in  Pig.  9 (a)“ 

(f).  Nc  evidence  of  the  discontinuous  yielding  or  serrated  flow, 
characteristic  of  impure  metals,  is  observed  at  any  temperature. 

Similarly,  the  flow  curves  at  the  higher  rate  do  not  show  any  drops  in 
stress  at  yield,  such  as  those  found  by  Dowling  et  al.  (19T0)  and  Harding 
(1971)  during  impact  punch  loading  on  copper  of  commercial  purity. 

The  temperature  dependence  of  the  flow  stress  at  various  values 
of  strain  is  illustrated  in  Figs.  10  (a)  and  (b)  for  the  two  strain  rates, 
0.003  and  900  s“1  respectively.  At  the  higher  rate,  flow  stress  values 
are  expected  to  be  reduced  because  of  temperature  rise  which  accompanies 
rapid  plastic  deformation;  calculated  curves  showing  the  adiabatic 
temperature  rise  AT  are  plotted  in  Pig.  9.  The  measured  flow  stress 
value  at  any  strain  thus  represents  the  specimen  strength  at  a temperature 
sliglitly  higher  than  that  existing  at  the  start  of  the  deformation. 
Assuming  that  all  the  mechanical  work,  is  converted  into  heat,  and  that 
the  effect  of  temperature  history  can  be  neglected,  a correction  can  be 
made  as  shown  in  Fig.  10  (b);  it  is  seen  that  the  resulting  change  in 
flow  stress  is  negligible  at  low  strains  or  high  temperatures,  and  amounts 
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to  a maximum  of  about  10!8  at  a ntrain  of  0.5  and  at  the  loveat  temperatures 
covered.  The  actual  correctiono  will  be  somewhat  lower  because  of  heat 
loss  during  deformation  and  the  ntorage  of  some  energy  in  the  deformed 
lattice. 

From  the  curves  of  Pig.  10  (a)  and  the  corrected  curves  of  Fig. 

10  (b),  the  rate  dependence  of  the  flow  stress  may  be  determined  as  a 
function  of  specimen  temperature.  The  mean  strain-rate  sensitivity  may 
be  defined  as 

Ul2  = (T2-T,)/ln  (y2  / Y]),  (5) 

where  and  T2  are  the  flow  stresses  measured  at  an  arbitrary  strain 
Y and  temperature  T in  the  q^uasi-static  and  dynamic  tests  at  rates  Vi 
and  Y2  respectively.  Values  of  uj2  plotted  against  temperature  in 
Fig.  11  and  against  strain  in  Fig.  12. 

3.1.2  Strain-ratc-change  response 

At  each  test  temperature,  the  response  of  copper  to  quasi-static 
deformation  followed  by  a sudden  increase  in  strain  rate  was  determined. 

The  average  result  of  at  least  two  specimens  subjected  to  nominally  the 
same  pre-strain  and  strain-rate  history  was  ceQ,culated  and  plotted,  together 
with  the  flow  curves  obtained  in  the  constant-rate  tests  discussed  above. 
These  p.lots  are  also  shown  in  Fig.  9;  an  estimate  of  the  experimental 
accuracy  involved  has  been  made  in  I and  is  therefore  not  given  here. 

Also  shown  in  Fig.  9 are  the  variation  of  strain  rate  and  the  adiabatic 
temperature  rise  with  strain  during  the  high-rate  deformation. 

A significant  first  observation  relates  to  the  shape  of  the  flow  curves 
following  the  strain-rate  change.  At  all  testing  temperatures,  the 
curves  are  continuous  and  no  stress  drops  are  observed  (see  also  the 
corresponding  oscillograms  in  Fig.  U).  Yield  points  have  been  observed 
by  Zeyfang  et  al.  (197^)  when  strain-rate  changes  in  the  range  10"**  to  10”^ 

were  imposed  during  the  deformation  of  high-purity  copper  single 
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crytitolB  uning  an  Tnntron  tonsilij-testing  machine  at  various  temperatures, 
but  ttiese  were  explained  in  part  by  the  overshoot  of  the  Inatron  control 
system.  Yield  drops  are  frequently  obtained  in  single  and  polycrystals  of 
some  f.c.c.,  b.c.c.  and  h.c.p.  metals  when  subjected  to  a low-temperature 
pre-strain  followed  by  additional  deformation  at  a higher  temperature;  such 
a yield-point  phenomenon  at  the  beginning  of  re-straining  is  usually  called 
'work-softening'  (Cottrell  and  Stokes,  1955;  Kelly,  1956;  Hammad  and  Nix, 
1966;  Sakui  et  al.,1968;  Hammad  et  al.,  I9TO;  Loiigo  and  Reed-Hill,  1970; 

Gule^  and  Baldwin,  1973;  Longo  and  Reed-Hill,  197^).  The  effect  appears  to 
occur  only  when  unloading  takes  place  between  pre-straining  and  re-straining 
(Haasen  and  Kelly,  1957;  Gulef  and  Baldwin,  1973).  It  can  also  be  observed 
by  pre-straining  metals  at  a high  strain  rate  followed  by  reloading  at  a 
lower  strain  rate  (Langenecker,  196I;  Sakui  et  al.,  1968;  Longo  and  Reed- 
Hill,  1970).  However,  in  f.c.c.  metals  work-softening  seems  to  occur  only 
if  the  stacking-fault  energy  is  moderate  to  high;  it  is  not  observed  in 
copper,  nor  in  « brass,  which  have  low  stacking-fault  energies  (Sakui  et  al. , 
1966) , but  is  always  encountered  in  aluminium  and  nickel.  In  this  respect, 
it  seems  appropriate  to  recall  the  results  of  Frantz  and  Duffy  (1972)  for 
aluminium,  in  which  small  yield  drops  were  always  observed  after  a rapid 
increase  in  shear  strain  rate,. 

The  curves  of  Fig.  9 indicate  that  the  initial  response  to  the  strain- 
rate  jump  is  approximately  elastic  at  all  temperatures;  however,  as  already 
noted,  a well-defined  yield  point  is  only  found  at  low  temperatures.  The 
results  cleaily  show  that  a mechanical  eqt\ie.tion  of  state  relating  stress, 
strain,  strain-rate  and  temperatvtre  is  not  applicable  under  any  of  the  test 
conditions.  The  observed  rate  dependence  of  the  yield  and  flow  stresses 
thus  reflects  two  facts;  (a)  the  yield  stress  at  a given  internal  structural 
state  depends  on  strain  rate  (and  temperature);  and  (b)  the  structural  state 
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and  the  corresponding  strain-hardening  after  a given  amount  of  plastic 
straining  also  depend  on  the  strain  rate  at  which  the  pre-straining 
took  place.  (In  this  context,  the  term  internal  structure  covers 
foatui'es  such  as  small-angle  boundaries,  subgrains  and  cells,  the  density 
and  configuration  of  dislocations,  dislocation  tangles,  etc.) 

At  any  given  pre-strain,  the  increment  in  flow  stress  At  following  the 
change  in  strain  rate  can  be  taken  a.s  representative  of  the  true  or  intrinsic 
rate  sensitivity  of  the  material.  At  all  temperatures,  the  intrinsic  rate 
sensitivity  for  copper  is  much  lower  than  the  apparent  sensitivity  based 
on  flow  curves  obtained  at  constant  strain  rates.  The  intrinsic  rate 
sensitivity  at  a given  strain,  uja*  is  defined  as  before  for  pij  in  Eq.  (5)i 
but  here  T2  is  the  yield  stress  exhibited  at  the  end  of  the  elastic 
increment  prior  to  work-hardening.  From  the  results  shown  in  Figs.  9 (d), 

(e)  and  ( f ) , corresponding  to  room  temperature  and  above,  it  is  not 
possible  to  determine  T2  unambiguously,  because  of  the  absence  of  a well- 
defined  yield  point;  At  is  clearly  very  small,  if  not  zero.  Curves 

showing  U12  at  the  lowest  temperatures,  for  three  values  of  strains,  are 
plotted  in  Fig.  12. 

According  to  the  theory  of  thermally-activated  plastic  flow  in  metals 
(summarized  by  Li,  1967),  the  intrinsic  rate  sensitivity  Pi2  is  related  to 
the  activation  volume  V by  the  equation 

U12  = kT/V.  (6) 

In  deriving  this  equation,  it  is  assumed  that  the  density  of  thermal 
activation  sites  remains  constant  during  the  change  of  strain  rate,  and 
that  the  activation  volume  is  independent  of  temperature.  It  is  clear  that 
the  results  of  Fig.  11  do  not  accord  with  this  equation,  since  the  curves 
for  U12  ‘io  not  pass  through  the  origin, 
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Aoniiming  that  the  rate-controlling  process  is  that  Of  dislocation 
intersection,  V is  expected  to  vary  inversely  as  the  square  root  of  the 
forest  - dislocation  density;  hence  an  increase  in  ni2  with  increasing 
plastic  strain  is  predicted.  Fig.  12  shows  that  the  increase  is  quite 
small  for  a five-fold  increase  in  strain. 

It  seems  clear  from  the  present  results  that  (a)  at  all  temperatures 
the  major  pai't  of  the  observed  strain-rate  dependence  in  constant-rate 
teats  must  be  attributed  to  change  in  dislocation  structure  with  strain- 
rate  history  rather  than  to  the  instantaneous  strain  rate  itself; 

(b)  at  low  temperatures  there  is  a significant  dependence  of  the  flow  stress 
on  the  current  strain  rate;  and  (c)  the  temperature  dependence  of  the  rate 
sensitivity  is  not  well  described  by  the  simple  thermal-activation  rate 
theory  based  upon  a temperature-independent  activation  volume. 

3-1. 3.  Micrographic  examination 

A dummy  specimen  was  sectioned,  polished  and  etched  after  annealing 
and  the  microstructure  was  found  to  be  uniform,  with  no  apparent 
directionality  in  the  grain  structure;  about  one-third  of  the  grains 
showed  annealing  twins.  Specimens  were  also  sectioned,  polished  and 
etched  after  test , and  some  of  the  resulting  micrographs  are  presented 
in  Fig  13*.  The  microstruoture  was  found  to  be  little  different  from 
that  of  the  unstrained  material.  Fig.  13  (b)  shows  that  no  significant 
grain  growth  occured  at  l+OO^C.  In  Fig.  13  (d)  a few  very  narrow  twin  bands 
are  visible  which  could  be  caused  by  mechanical  twinning;  the  strain 
contributed  by  such  twins  would  however  be  ver>'  small  compared  with  the 
lairge  strains  imposed  during  the  test.  The  mean  grain  densiiy  ( .ViO  ) 
corresponds  to  about  7 grains  across  the  wall  thickness. 


*It  should  be  noted  that  the  section  is  not  necessarily  Lhrougli  the  axis  of 
the  specimen,  so  that  the  wall  thickness  may  appear  greater  than  its  true 
value;  this  also  applies  in  Figs,  20  and  26. 


3.2  Titanium 
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3.2. 1 Constant  strain-rate  response 

Quasi-atatic  and  dynamic  stress-strain  curves  for  each  of  the  six 
testing  temperatures  are  plotted  in  Figs.  lU  and  15  respectively;  each 
curve  was  obtained  from  two  or  more  testa,  the  results  of  which  varied  by 
not  more  than  5^!.  It  should  be  noted  that  the  dynamic  test  results  at  the 
two  highest  temperatures  were  obtained  at  slightly  lower  strain  rates  than 
those  at  lower  temperatures. 

Commercially  pui-e  titanium  can  be  seen  to  exhibit  a well-defined  yield 
point  at  all  temperatures  and  at  both  q^uaai-static  and  dynamic  strain  rates. 
Also,  the  flow  stress  continuously  increases  with  strain  vip  to  fracture 
(designated  in  Pigs.  l4  and  15  t>y  the  letter  F)  except  in  some  of  the 
dl'tiamic  tests  where  the  strain-hardening  rate  becomes  zero  at  large  strains. 
The  considerable  temperature  sensitivity  of  the  mechanical  properties  is 
evident  from  Figs,  lit  and  15. 

From  the  extensive  x-esearch  on  titemium  by  Reed-Hill  and  his  associates 

(Monteiro  et  al,  1970,  Santhanam  and  Reed-Hill  1971,  Garde  et  al.  1972)  and 

by  Doner  and  Conrad  (l573),  it  is  evident  that  dynamic  strain-ageing  is  a very 

significant  factor  in  the  plastic  deformation  of  this  metal  (when  impure). 

This  seems  to  occur  in  the  temperature  rax;ge  of  700  to  600®K  (Conrad  et  al, 

1973);  the  exact  temperature  apparently  tends  to  rise  with  increasing  purity. 

For  a titanium  alloy  of  commercial  purity.  Garde  et  al,  (1972)  located  this 

'blue-brittle'  temperature  at  750*K.  The  dynamic  strain-ageing  phenomenon 

was  found  by  Doner  and  Conrad  ( 1973)  to  manifest  itself  in  the  occurrence 

of  yield  points,  serrations  in  the  stress-strain  cux-ves,  a rise  in  th'  flow 

stress  with  increasing  temperature,  minima  in  the  total  elongation  versus 

temperature  curves  and  maxima  in  the  strain-hardening  rate  versus  temperature 

curves.  In  all  these  investigations,  tensile  specimens  wei'e  used  and  low 

7 -5  , 

strain  rates  ranging  from  10"^  to  10  S"' 


were  applied,  Tlie  same  phenomenon 
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l;i  aluo  indicatod  by  the  enhancement  of  creep  strength  (Kissel  and  Sinnott 
hunter  et  til.  1953)  and  high-cycle,  long-life  fatigue  properties 
(Tm'nor  and  Roberta  1968)  in  commercial-purity  titani'am  in  the  temperature 
range  6OO  to  8'jO“K. 

The  present  tests  on  titanium  were  limited  to  a maximum  of  673"K,  and 
as  far  as  could  be  discerned  from  the  test  records  at  the  high  temperatures 
none  of  the  above  manifestations  of  dynamic  strain-ageing  occurred(see  Fig.lU). 

Stress-strain  curves  for  each  temperature  are  shown  in  Fig.  l6  (a)  - (f)j 
in  each  figure,  the  variation  of  strain  rate  and  the  computed  adiabatic 
temperature  rise  is  shown  for  the  dynamic  test.  Fig.  1?  (a)  shows  the  variation 
of  yield  and  flow  stress  with  temperature  at  the  low  strain  rate.  The  yield 
stress  and  work-hardening  rate  increase  steadily  as  the  temperature  decreases 
from  673  to  297°K,  and  the  yield  stress  continues  to  increase  as  the  temperature 
is  reduced  to  123®K;  the  work-hardening  rate,  however,  decreases  with  fall  of 
temperature  below  297“K,  increasing  again  at  the  lowest  temperatures.  This 
behaviour  may  be  associated  with  the  onset  of  twinning  as  an  important  mode  of 
deformation  (see  Section  3.2.3). 

Fig.  17  (b)  shows  the  yield  and  flow  stresses  for  the  high  strain-rate 
tests,  the  correction  for  adiabatic  heating  being  indicated;  as  for  copper, 
this  correction  is  negligible  at  small  strains  or  high  temperatures. 

Using  the  definitions  already  introduced  the  apparent  rate  sensitivity 
been  determined  from  the  curves  of  Fig,  17  (a)  and  the  corrected  curves 
of  Fig.  17  (b).  The  results  are  plotted  in  Fig.  18  (full  lines)  and,  as  for 
copper,  V]_2  shows  a moderate  increase  with  increasing  strain;  it  also  increases 
with  temperature  up  to  200®C,  falling  somewhat  at  U00°C. 


3.2.2  Strain-rate -change  responae 


Tlae  response  of  the  titanium  specimens  subjected  to  dynamic  loading 
after  various  amounts  of  deformation  at  the  low  rate  (.0,006  s'M  is  shown 
in  Fig.  l6  (a)  to  (f)  for  the  various  starting  testing  temperatures.  Each 
plotted  curve  is  the  average  of  at  least  two  curves  differing  slightly 
(about  3%)  in  flow  stress  and  strain-rate  values  and  by  a maximum  of  0.015 
in  the  amount  of  pre-strain.  Also  included  in  Pig.  16  are  the  average  strain 
rate  and  adiabatic  temperat\ire  rise  as  functions  of  strain,  corresponding 
to  the  high-rate  part  of  each  test. 

At  no  testing  temperature  does  the  rate  increase  produce  transient  stress 
maxima  similar  to  the  yield  points  observed  by  Santhanam  et  al.  (1970)  after 
a one-decade  change  in  strain  rate  during  quasi-static  tension  of  commercially 
pure  titanium.  The  flow  stress  increases  rather  smoothly  and  continuously. 

This  increase  is  characterized  by  a well-defined  elastic  increment  which  is 
foLlowed  by  gradual  transition  of  the  flow  stress  to  a value  similar  to  that 
obtained  in  a test  entirely  at  the  dynamic  strain  rate.  Both  the  elastic  stress 
increment  and  the  rate  of  the  subsequent  transition  depend  on  the  testing 
temperature. 

As  discussed  before  for  copper  in  section  3.1*2,  the  initial  elastic  rise 
in  flow  stress  following  a strain-rate  increase  can  be  used  to  calculate  the 
intrinsic  strain-rate  sensitivity  ui2.  Tihe  variation  of  ui2  with  strain  at 
various  temperatures  is  shown  in  Fig.  18  (broken  curves).  From  the  results 
given  in  Fig.  18,  values  of  pi2  Ul2  ^ strain  of  0.1  have  been 
estimated,  and  these  are  plotted  against  temperature  in  Fig.  19.  It  is 
seen  from  this  figure  that  at  temperatures  up  to  h73°K,  pj2  proportional 
to  T,  as  required  for  a consteint  activation  volume  V.  The  slope  of  the 
plotted  line  corresponds  to  a value  V = 0.5*+  nm^  or  22. h b^  where  b is  the 
magnitude  of  the  Burgers  vector.  Ttie  value  of  ui2  /T  drops  considerably 
at  T s 673®K,  and  corresponds  to  V = 37.3  b^.  Assuming  that  V is  governed 


r 

I 

- 18  - 

by  the  dislocation  density,  it  appears  that  a signil’icant  degree  of 
dislocation  rearrangement  and  mutual  annihilation  must  take  place  during 
the  prestraining  period  (about  1?  sec)  at  temperatures  above  l4Y3“K,  At 
strains  larger  than  0.1,  the  behaviour  is  more  complex,  since  V\2  decreases 
with  increasing  strain  even  at  room  temperature. 

Fig.  19  also  shows  values  of  Pi2  at  a strain  of  0,1,  and  it  is  seen 
that  it  is  not  proportional  to  T;  thus  the  apparent  activation  volume  V\2 
a kT/ui2  varies  with  temperature.  The  values  at  T = 123,  29T  and  hJS^K 
are  ll.lb^,  lO.Ob^  and  22, 9b^  respectively.  A comparison  may  be  made  with 
resul  ,3  obtained  by  Harding  ( 197*i)  in  constant-rate  tensile  tests  on  a 
similar  material  at  temperatures  in  the  range  7T  to  288“K.  These  results 
p , give  values  of  Vj2  varying  from  11  b^  at  77®K  to  19.2  b^  at  288°K,  for  a 

f i .... 

' tensile  strain  of  0.05l  in  converting  from  the  measured  tensile  stresse.s  to 

equivalent  shear  stresses,  von  Mises'  yield  criterion  has  been  used.  The 
close  similarity  between  the  two  sets  of  values  is  striking. 


3.2.3  Micrographie  examination 
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Fig.  20  shows  a number  of  micrographs  of  specimens  tested  at  low 
temperatures.  Fig  20  (a)  gives  a general  view  of  the  unstrained  flange 
and  the  heavily  deformed  gauge  length,  including  the  fracture  region. 

Fig.  20  (b)  shows  the  detail  of  the  microstructure  in  the  gauge  length 
adjacent  to  the  flange;  twinning  is  evident  in  nearly  all  the  grains,  and 
in  some  grains  two  families  of  twins  have  been  developed.  Figs.  20  (c) 
and  (d)  show  part  of  the  gauge  length  of  specimens  subjected  to  two 
different  amounts  of  pre-strain.  Comparing  Figs.  20  (b),  (c)  and  (d), 
it  appears  that  the  density  of  twinning  decreases  with  increasing  pre- 
strain, while  the  width  of  the  individual  twin  lamellae  increases.  This 
effect  is  also  seen  in  Figs.  20  (e)  and  (f),  which  relate  to  tests  at 
-150*C  without  and  with  pre-straining.  Comparison  of  Pigs.  20  (b)  and 
(e)  shows  the  increasing  intensity  of  twinning  as  the  temperature  is 
reduced. 

It  is  clear  that,  as  expected,  deformation  twinning  is  an  important 
mechanism  of  plastic  straining  in  the  present  tests  on  titanium,  and  that 
some  changes  take  place  in  the  amount  and  nature  of  twinning  within  the 
range  of  test  conditions  used.  A quantitative  analysis  of  these  changes 
has  not  been  attempted,  but  they  may  account  for  some  of  the  secondary 
features  of  the  observed  flow  behaviour,  e.g.  the  reduction  in  the  'jump' 
stress  level  with  increasing  pre-strain. 

The  initial  grain  density  (75  mm“2)  corresponds  to  only  about  3 grains 
across  the  wall  thickness  of  the  specimen;  even  with  this  low  value,  however, 
there  are  about  lli00  grains  on  the  cross-section. 
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3.3  Mild  Steel 

3.3. ' Constant  otrain"rate  reoponBO 

Experimental  data  for  mild  steel  were  found  to  be  of  similar  consistency 
and  accuracy  to  those  for  titanium.  Figs.  21  and  22  show  the  stresa-otrain 
curves  obtained  at  various  temperatures  for  the  q.uaai-8tatic  and  dynamic 
strain  rates  respectively.  These  are  also  included  in  Figs.  23  (a)  to  (f), 
in  which  the  effect  of  strain  rate  on  the  flow  curves  at  each  temperature 
can  be  more  easily  seen.  The  low-rate  results  show  the  occurrence  of  dynamic 
strain-ageing  (Baird  1971,  1973;  Reed-Hill  197**),  the  work-hardening  rate  at 
low  strains  being  greatest  at  200® C,  when  the  stress-strain  curve  is  serrated. 
Similar  'jerky  flow'  was  observed  at  100  and  300®C  ('blue  brittleness'). 

At  all  temperatures,  a significant  drop  of  stress  occurred  at  yield  in 
the  dynamic  teats.  In  the  lovr-rate  testa,  on  the  other  hand,  no  yield  drops 
were  obtained,  thou^  at  room  temperature  the  curve  shows  a small  plateau 
at  yield. 

Figs.  2*4  (a)  and  (b)  show  the  flow  stresses  at  four  strains  plotted 
against  temperature,  for  low  and  high  rates  respectively.  In  Fig.  2h  (b) 
the  temperatures  are  instantaneous  values  calculated  on  the  assumption  that 
the  defomation  is  adiabatic.  The  influence  of  strain-ageing  is  clearly  seen 
in  the  curves  of  Pig.  2h  (a).  From  the  curves  of  Fig.  2*4  (b),  it  appears 
that  the  flow  stress  reaches  a minimum  at  a temperature  of  about  700°K; 
this  agrees  with  results  obtained  in  an  earlier  investigation  covering 
initial  temperatures  up  to  773®K  (Stevenson  eind  Campbell  197**). 

An  increase  in  the  blue-brittleness  temperature  with  strain  rate  is 
expected  from  the  theory  of  Cottrell  and  Bilby  (19**9)j  such  an  increase 
was  observed  in  tensile  and  Charpy  tests  of  annealed  *4  3*40  steel  by  Clough 
et  al.  (1968),  who  showed  that  their  results  indicated  the  operation  of  a 
thermally-activated  process  with  an  activation  enerffir  of  37.**  cal/gra  mole 


(1,6L'  eV).  Such  u proceQa  would  imply,  for  a strain  rate  of  10^  s"'  , 
a peak  in  the  flow  stress  at  about  750®K.  From  the  present  results  and 
those  of  Stevenson  and  Campbell  (197**),  it  seems  clear  that  for  mild  sLeoi 
the  peak  occurs  at  a considerably  higher  temperature  than  this,  the 
activation  energy  being  correspondingly  lower.  Assijming  that  the  activation 
energy  is  that  for  diffusion  of  carbon  (a/  20  k cal/gm  mole),  the  peetk 
dynamic  strength  would  be  expected  at  a temperature  of  about  12**0®K  (967°C), 
i.e.  above  the  austenite  transition  temperature. 

It  is  clear  that  for  mild  steel  the  flow  stress  is  governed  not  only  by 
the  instantaneous  strain  rate  per  as  , but  by  tlie  time  available  for  strain- 
ageing  to  occur  and  also  possibly  by  structure  changes  brought  about  tlirough 
variation  of  the  strain  rate.  The  apparent  rate  sensitivity  U]2  eJ<hibits 
negative  values  in  the  temperature  range  whore  strain-ageing  can  occur  in 
the  quasi-static  teat  but  has  little  effect  in  the  dynamic  test.  Such 
negative  values  are  of  importance  in  metal-forming  or  other  high-temperatio'e, 
high-rate  processes  but  they  give  no  indication  of  the  intrinsic  rate 
sensitivity  of  the  material,  which  can  only  be  measured  by  the  strain-ratc- 
change  technique. 

3.3.2.  Strain-rate-change  response 

At  each  testing  temperature,  rate-jump  teats  were  carried  out  at  several 
different  values  of  pre-strain,  and  the  results  of  these  tests  are  plotted 
in  Figs.  23  (a)  - (f),  together  with  the  corresponding  curves  for  strain  rate 
and  adiabatic  temperature  rise. 

The  following  observations  can  be  made  concerning  features  common  to  all 
these  results. 

(l  ) There  is  a very  rapid  rise  in  stress  level  following  the  rate  change 

(2  ) The  jump  yield  stress  is  always  higher  than  the  flow  stress 
attained  at  the  same  strain  in  the  exclusively  dynamic  tost. 

This  behaviour  is  in  contrast  to  that  exhibited  by  copper  and 


titanium  aa  shown  in  Figs.  9 and  16;  it  hoa,  however,  been 
observed  at  medium  ratea  in  the  b.c.c.  metala  molybdenum  and 
niobium  (Campbell  and  Brigga  197*t),  and  also  in  low-rate 
teata  involving  various  rate-change  ratios , with  and  without 
intermediate  unloading,  on  mild  steel  (Smith  196 1,  TanaJta 
et  al.  19T2),  aa  well  aa  in  HF-1  steel  (Chou  and  Ting  197*4  )• 
Moreover,  it  also  occurs  in  temperature-change  tests  involving  pre 
straining  at  RT  followed  by  further  straining  at  a much  lower 
temperature  (Nakamura  et  al.  1968). 

It  is  also  worth  remarking  that  the  behaviour  of  mild  steel 
has  also  been  found  to  differ  considerably  from  that  of  f.c.c. 
metals,  when  the  deformation  is  continued  at  a strain  rate 
lover  than  that  of  pre-straining  (Klepacsko  I960,  Campbell  and 
Duby  1956,  Tanaka  et  al.  1972). 

The  initial  jump  of  stress  is  followed  by  a yield  drop  at  200  and  400*C 
but  not  at  lower  temperatures;  this  behaviour  is  evidently  linked  to  the 
occurrence  of  dynamic  strain-ageing  during  the  low-rate  pre-straining,  the 
effect  being  greatest  at  200°C.  At  each  temperature,  the  initial  stress 
jump  is  approximately  the  same  p.t  all  pre-strains;  the  subseauent  work- 
hardening rate,  however,  tends  to  decrease  with  increasing  pro-ctroin, 
becoming  negative  for  large  pre-strains.  It  seems  unlikely  that  thermal 
softening  is  entirely  responsible  for  these  negative  work-hardening  rates. 

The  value  of  the  initial  stress  increment  varies  considerably  with 
temperature,  as  shown  in  big.  25,  where  the  intrinsic  rate  sensitivity  pi2 
is  plotted  for  a pre-strain  of  y = 0.2,  interpolating  from  the  results 
obtained  at  other  pre-strains.  For  the  two  highest  temperatures,  points 
are  plotted  corresponding  to  both  upper  and  lower  yield  points.  Also  shown 
in  this  figure  are  radial  lines  corresponding  to  constant  values  of  V/b^, 
where  V = kT/yj2»  l-he  activation  volume  calculated  on  the  assumption  of  a 
constant  pre-exponential  factor  during  the  stress  increment.  From  these 
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it  follows  that  if  this  ass’jmption  ia  correct  V iiicreaBes  rapidly  with  T. 

It  is  clear  from  the  curves  of  Fig.  23  that  even  a relatively  small 
amount  of  quasi-static  pre-atrain  affects  the  dynamic  flow  stress  at  large 
strains;  it  seems  therefore  that  the  dislocation  structure  of  the  material 
is  strongly  dependent  on  the  strain-rate  history,  and  that  the  'memory'  of 
previous  straining  peraiats  for  very  large  changes  in  strain. 

3.3.3  Micrographic  examination 

It  is  well  known  that  deformation  twins  (Neumann  bands)  are  formed 
in  iron  uiider  impact  or  low-temperature  conditions.  The  present  mild 
steel  specimens  were  therefore  sectioned,  polished  and  etched  after 
testing;  Fig.  26  shows  a aeloction  of  the  microstruotures  observed  in 
the  gauge  length  of  specimens  fractured  in  dynamic  and  rate-jump  tests 
at  various  temperatures.  Pigs.  26  (b)  and  (c)  show  that  twinning  occurs 
at  -100  and  -150®C  in  dynamically  strained  specimens,  the  density  of 
twinning  inoresaing  as  the  fracture  surface  is  approached;  at  higher 
temperatures  twinning  is  not  found.  Figs.  26  (d),  (e)  and  (f)  show 
that  very  few  twins  are  formed  in  specimens  deformed  dynamically  after 
pre-straining,  even  at  low  temperatures.  In  general  it  seems  that  the 
contribution  of  twinning  to  the  total  plastic  strain  is  small. 

The  micrographs  show  that  there  is  a region  of  heavily  deformed 
material  in  the  immediate  vicinity  of  the  fracture  surface,  as  is  to  be 
expected;  apart  from  this  region,  however,  the  structure  remains  fairly 
uniform  along  the  gauge  length.  Micrographs  obtained  from  transverse 
specimens  shoved  no  significant  difference  in  microstructure , apart  from 
the  lock  of  banding  of  the  pearlite.  The  mean  grain  density  was  found  to 
be  690  mm"^,  corresponding  to  about  10  grains  across  the  wall  thickness 


of  the  specimen. 
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3.H.!  Micro-mcchanical  nspectr. 

Atiswning  that  the  major  contribution  to  the  observed  plastic  strain 
rate  is  by  the  motion  of  dislocationu , the  general  rate  c-paation  (l)  may 
by  replaced  by  Orowan ' s kinematic  relation 

= bp  V (8) 

m ' 

vhere  b is  the  magnitude  of  tlie  burgers  vector,  p^^^  is  the  doiisity  of 
mobile  dislouationn  and  v is  their  average  velocity.  Varioiis  forms  of 
constitutive  equation  have  been  derived  from  (8)  by  assuming  functional 
relations  for  the  quantities  and  v in  terms  of  and  the  applied 
otress  T (Johnston  and  Uilman  )959>  Hahn  I982).  However,  it  appears  from 
the  present  roHitlts  that  in  general  y ‘ depends  not  only  on  the  current 
values  of  Y®  and  t but  on  the  strain-rate  history.  Since  there  is  no 
experimental  method  of  measiri’ing  p^  or  v during  a test  on  a polycrystalline 
material,  it  is  not  possible  to  determine  which  of  these  is  history- 
dependent;  in  fact  there  is  a basic  difficulty  in  making  such  a distinction 
if  the  local  dislocation  velocities  are  distributed  conti.nuously  over  a 
wide  range  of  values. 


It  may  be  noted  however  that,  in  order  to  account  for  the  present 
resuito,  especially  those  for  copper  and  mild  steel,  the  variation  in 
either  or  v vn.th  stiain-rate  history  would  have  to  be  several  orders 
of  magnitude.  Assuming  a constant  value  for  the  rate- sensitivity  parameter 
over  the  strain-rate  range  involved,  it  follows  that 

(9) 


(d  v) 


m d 


■ Y2 
. Vl 


where  the  subscript  j indicates  the  value  immediately  after  the  strain-rate 
jump  and  the  subscript  d the  value  wliioh  would  correspond  to  the  same  stress 
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and  strain  under  constant-rate  conditions.  Thus  for  copper  at  low 
temperatures  when;  Iii2/yi2  about  0.5  (see  Pig.  11),  p^v  must  vary  by 
a factor  of  order  10^;  at  room  temperature  and  above,  the  factor  is  larger 
still.  Studies  of  dislocation  mobility  in  copper  (Greenman,  Vreeland  and 
Wood  196?)  have  shown  that  the  velocity  of  individual  dislocations  increases 
approximately  linearly  with  the  applied  stress,  reaching  high  velocities 
at  quite  low  stresses.  It  seems  unlikely  therefore  that  in  the  present 
experiments  the  velocities  of  individual  mobile  dislocations  can  increase 
greatly  during  the  small  stress  increment  in  a jump  test . 

From  these  considerations,  it  seems  likely  that  a large  increase  in 
the  number  of  mobile  dislocations  occurs  when  the  strain  rate  is  suddenly 
increased.  Such  a dependence  of  p^  on  stress  and  strain-rate  history  is 
implicit  in  the  theory  of  Alden  (1972,  1973,  1975),  in  which  the  variation 
in  dislocation  structure  is  taken  into  account.  It  is  supposed  that  at 
low  rates  or  high  temperatures  a cellular  dislocation  structure  is  formed 
so  that  considerable  regions  of  the  slip  plane  are  relatively  free  of 
dislocations.  When  the  rate  is  suddenly  increased,  dislocations  break 
free  from  the  cell  walls  and  move  into  these  regions.  The  theory  predicts 
that  the  stress  increases  gradually  towards  the  value  characteristic  of 
the  high  strain  rate,  as  is  found  experimentally  for  copper  in  the  present 
tests . 

The  effect  of  strain-rate  history  on  plastic  flow  has  also  been 
discussed  by  Klepaczko  (1975).  He  has  pointed  out  that  in  general  part  of 
the  flow  stress  is  governed  by  evolutionary  changes  in  dislocation  structure, 
which  may  be  diffusion  controlled.  Such  evolutionary  changes  are  explicit 
functions  of  time,  rather  than  of  strain  rate.  Thus  the  flow  stress  at  a 
given  strain  and  temperature  may  be  considered  to  be  the  sum  of  an  'athermal' 
component  which  is  time  dependent,  and  a thermal  component  which  is 
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dependent  on  the  instantaneous  strain  rate  and  is  governed  by  the  rate- 
controlling dislocation  mechanism.  For  pure  f.c.c.  metals  decreases 
with  time  because  of  mutual  annihilation  of  dislocations  (dynamic  recovery); 
for  impure  b.c.c.  metals,  it  may  increase  with  time  because  of  diffusion- 
controlled  dislocation  locking  (dynamic  strain  ageing).  The  latter  effect 
is  shown  very  clearly  in  the  present  resul.ts  for  mild  steel  at  200°C. 

The  changes  which  occur  both  in  the  mobile  dislocation  density  and  in 
the  uniformity  of  the  dislocation  distribution  during  straining  clearly 
imply  that  in  general  the  flow  stress  depends  on  the  previous  strain-rate 
(and  temperature)  history.  The  general  approach  discussed  in  the  Introduction, 
leading  to  equation  (1),  should  in  principle  be  capable  of  describing  the 
present  results;  however,  the  usefulness  of  this  approach  is  limited  by  the 
difficulty  of  identifying  the  large  number  of  unknown  functions  and  parameters 
involved.  In  particiiLar,  the  number  of  terms  in  the  summation  and  the  laws 
relating  the  parameters  to  the  macroscopic  variables  cannot  at  present  be 
determined.  For  practical  purposes  therefore  it  is  necessary  to  adopt  a more 
empirical  approach,  in  which  functional  relationships  are  postulated  without 
reference  to  the  micro-mechanisms  of  flow.  Such  a relationship  can  be  expected 
to  be  useful  over  limited  ranges  of  the  variables  involved,  and  the  appropriate 
ranges  can  only  be  established  by  experiment. 
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3. 1^.2  Macroacopic  constitutive  relations 

The  approach  discussed  by  Klepaczko  (19T5)  leads  to  a constitutive 
equation  of  the  form 

T = (T,  t,  y)  [l  + f (T,  y)J  . (10) 

It  follows  from  this  that  if  the  strain  rate  is  instantaneously  changed, 
a finite  increment  in  stress  should  occur.  The  present  data  for  copper 
at  low  temperatures,  and  for  titanium  and  mild  steel  at  all  temperatures, 
show  such  an  increment.  For  copper  at  room  temperature  and  below,  however, 
the  increment  is  very  small  or  zero  so  that  thermal  activation  appears  to 
have  little  influence  on  the  flow  behaviour;  thus  the  major  reason  for  the 
variation  in  flow  stress  with  strain  rate  is  the  strain-rate  history. 

The  present  results  show  that  for  copper  at  room  temperature  the  stress 
difference  between  a jump-test  curve  and  the  low-rate  curve  depends  on  the 
incremental  strain  but  is  approximately  independent  of  pre-strain  (and 
hence  time)  for  values  of  pre-strain  from  zero  to  0.6.  Thus  it  has  been 
suggested  (Campbell,  Eleiche  and  Tsao  1975)  that  the  flow  stress  may  be 
represented  by  an  hereditary  integral  or  functional  of  the  strain  rate,  with 
strain  as  the  independent  variable.  The  constant-rate  data  for  copper  may- 
be expressed  by  the  equation 

T = fi  (y)  + fz  (v,  y),  (n) 

as  suggested  by  Malvern  (1951).  For  a strain-rate  jvmip  from  vi  to  Yz  at 
a pre-strain  a,  (11)  becomes 

T ® f]  (y)+  f2  (y»  Yj ) ■•■  fa  (y  -M.  S't)  “ ^2  (y  - a,  Y]  ) . (12) 

Assuming  linear  superposition  of  the  'overstress'  fz  (y»  I'),  (12)  can  be 
generalized,  for  an  arbitrary  variation  of  strain  rate  given  by  -y  = n(Y),  as 
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T ^ i'l  (y)  (>»  Ha  ) + J “ a » 

o 

wherii 

n'  = dn/d^,  fa  = 3f2/^'i'  lo  = n(o)  . 

Kquations  (l1)  and  (12)  have  been  shown  (Caapbell,  Eleicho  and  Tsao 
1975)  to  describe  the  present  constant-rate  and  jump-test  results  for  copper 
at  room  temperature j within  experimental  accuracy.  Similar  agreement  is 
found  for  the  results  obtained  for  the  same  material  at  200  and  ltOO*C. 

Further  experiments  using  varying  strain-rate  histories  are  required 
to  determine  whether  the  more  general  equation  (13)  is  vaJ.id. 

For  titaniiom,  the  data  indicates  that  the  effect  of  strain-rate  history 
is  relatively  small,  while  the  influence  of  the  instantaneous  strain  rate  is 
large.  Thus  the  behaviour  is  nearer  to  that  corresponding  to  a mechanical 
equation  of  state.  However,  significant  deviations  occw  from  such  an 
equation;  at  low  temperatures  these  deviations  are  of  the  same  type  as 
those  observed  in  copper. 

The  behaviour  of  mild  steel  is  more  complex  because  of  the  yield  drop 
at  high  rates  and  the  oocui'rence  of  dynamic  strain-ageing  at  elevated 
temperatures,  with  the  consequent  jerky  flovr.  Both  these  effects  are  related 
to  the  pinning  of  dislocations  by  solute  atoms,  with  a corresponding 
reduction  in  mobile  dislocation  density.  One  result  of  dynamic  strain- 
ageing is  that  the  total  flow  stress  at  high  rate  depends  crucially  on  the 
degree  of  pre-straining;  it  no,/  be  veiy  much  higher  than  that  obtained  in 
a test  at  a high  constant  rate.  This  fact  may  be  of  considerable  importance 
in  processes  such  as  machining,  in  v;hich  large  increases  in  strain  rate 
occur  diuing  plastic  flow.  A general  constitutive  relation  for  mild  steel 
would  be  very  complex,  since  temperature,  time,  strain  rate  and  strain-rate 
history  are  all  important  in  determining  the  flow  stress. 
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SKCTION  /f 

•SUMMARY  AND  CONCl.US TONfi 

''  • ' OHIO  Copper 

'ilic  I'lov/  ia  mortei'al^ely  riite  and  tompernture  scnaiLl va  at  all  strai.nn 

up  to  1.0  or  inoi’ij.  At.  constant  ratcn  atrain  hardening  is  positive  for  shear 
L’tmi.niJ  up  to  1.0,  c.di.'ibatic  heating  at  liigli  Strain  rates  having  only  a snail 
eiTect . 

A rapid  chnnge  in  strain  ro.te  by  about  6 order:;  of  magnitude  cauaas  a 
finite  cJa.ntic  stress  increment  at  low  temporn  tnres . 'Ihe  magnitude  of  this 
increment  increa.;;o3  with  iijcreas ing  pre-strain;  at  I'oom  temperature  or  above, 
the  incremoiit  is  voz-y  small;  the  subseq,uent  flow  stress  rises  slowl,,  toward 
that  required  for  the  same  stretin  imposed  entirely  at  the  high  rate,  nuts 
the  observed  rate  sensitivity  of  the  flow  stress  in  constant-rate  tests  appears 
to  bo  caused  largely  by  strain-rate  histoz-y  effects,  rather  than  by  the 
instantaneous  strain  rate.  .Activation  volumes,  calculated  either  from  the 
.nstant-rate  data  or  from  the  elastic  stress  increments  in  the  rate-jump 
tests,  decrease  with  increasing  strain  and  increase  with  increasing  temperature. 

Ihe  data  are  not  consistent  with  the  existence  of  a mechanical,  equation 
of  state  relating  stress,  strain,  strain  ratd  and  temperature.  It  is  concluded 
that  in  general  the  flovr  stress  consists  of  a rate-independent  component  and 
components  depending  on  the  instantaneous  strain  rate  ond  the  strain-rate 
histoz-y,  Wie  second  of  these  components  is  small  , becoming  measurable  only 
at  low  temperatures;  the  third  component  can  be  described  by  mean:;  of  an 
herofitary  intagral  with  strain  as  the  independent  variable. 

li . 2 Conmercially-Pure  Titanium 

The  material  shows  a well  defined  yield  point,  but  no  yield  drop,  at 
all  temperatures.  The  strain-hardening  rate  ia  small,  decreasing  with 
increasing  temperature  but  varying  little  witn  strain  rate.  Adiabatic 
heating  cazuses  significant  reduction  of  flow  stress  at  large  strains,  but 
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no  flow  instHbility  occurn  at  ntraina  up  to  0.5. 

In  rate-jump  teats,  there  is  a large  increment  of  stress  at  all  temperatures. 
Ihe  value  of  the  increment  varies  little  with  pre-strain  but  increases  witn 
temperature.  A.t  high  temperatures  the  flow  stress  exceeds  that  obtained  at 
a constant  hi^  rate.  Strain-rate-history  effects  are  much  less  morKed  than 
those  in  copper,  while  th.,  inntanteineous  strain  rate  has  a large  influence. 

Thus  the  behaviour  approximates  more  closely  to  that  corresponding  to  a 
mechanical  ei^uation  of  state. 

Ihe  activation  volume  for  a strain  of  0.1,  calculated  from  the  response 
to  the  strain-rate  change,  is  essentieVly constant  for  temperatxrreB  up  to 
200*C;  at  U00®C  a larger  value  is  found,  which  is  attributed  to  recovery 
processes  occurring  during  pre-straining  and  causing  a reduction  in  the 
dislocation  density. 

Micrographic  examination  confirms  the  importance  of  twinning  as  a 
deformation  mechanism  for  static,  lynamio  and  rate-jump  tests.  The  distribution 
and  size  of  twins  varies  with  the  amount  of  pre-strain  in  rate-juiap  tests. 

1* . 3 Mild  Steel 

The  low  strain-rate  results  show  a well-defined  elastic  limit  but  no 
yield  di'op;  a small  yield  plateau  is  found  at  room  temperature.  The 
subsequent  strain  hardening  shows  ^ maximum  at  200°C,  when  serrated  flow 
occurs  and  the  ductility  is  reduced  (blue  brittleness). 

Ihe  high  strain-rate  results  show  a considerable  drop  of  stress  at  yield. 

The  post-yield  flow  stress  decreases  steadily  with  increasing  temperature, 
apparently  reaching  a minimum  at  or  above  U00°.  At  room  temperature  and 
below,  the  strain-hardening  rate  becomes  negative  at  large  strains  i this  is 
attributed  to  the  adiabatic  temperature  rise. 
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The  initial  reBpon8<^  to  a strain-rate  jump  is  approximately  elastic  and 
has  a magnitude  which  increases  with  decrease  of  testing  temperature;  it  is 
little  affected  by  the  amount  of  pre-strain.  At  200  and  4oo‘’C  a yield  drop 
occurs  after  the  initial  stress  increment.  The  post- jump  flow  stress  is 
always  greater  than  that  for  the  same  strain  in  a constant-rate  dynamic  test; 
the  strain-hardening  rate  becomes  negative  at  large  strains  or  low  testing 
temperatures . 

The  activation  volume,  calciilated  from  the  initial  stress  increment  in 
the  j'jmp  tests,  increases  rapidly  with  increasing  tempeiature . Micrographic 
examination  shows  that  twinning  occurs  in  specimens  strained  dynamically  at 
temperatures  below  about  •■50®C.  The  amount  of  twinning  is  dependent  on  strain- 
rate  history  as  well  as  on  strain  rate  and  temperature;  it  does  not  correlate 
in  a simple  manner  with  applied  stress,  since  less  twinning  is  observed  in 
jump-teat  specimens  than  in  specimens  deformed  entirely  at  the  hi^  rate,  in 
spite  of  the  larger  stresses  occurring  in  the  former. 

4.4  General 

It  has  been  shown  that,  in  general,  the  rate  dependence  of  the  flow  stress 
of  a metal  or  alloy  may  be  attributed  to  either  or  both  of  the  following! 

(a)  the  instantaneous  strain  and  strain  rate; 

(b)  the  strain-rate  history  since  the  material  was  in  the  annealed  state. 

The  relative  importance  of  these  two  factors  varies  between  materials. 

For  the  three  tested,  (a)  appears  to  be  dominant  for  titanium  and  (b)  for 
copper,  while  for  mild  steel  both  factors  are  important. 

Strain-rate-history  effects  are  indicative  of  structure  changes  which  take 
place  during  the  deformation;  such  changes  may  be  diffusion  controlled  or 
governed  by  roicro-mechanisms  (dislocation  interactions,  occurrence  of  twinning) 
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which  depend  on  the  deformation  processeB  themselvec . 

In  addition  to  the  factors  (a)  and  (b),  the  observed  rate  dependence 
may  be  affected  by  thermal  softening  caused  by  adiabatic  heating.  For  copper, 
such  softening  is  small,  because  of  the  relatively  low  temperature  sensitivity 
of  the  flow  stress;  for  titanium  and  mild  steel,  thermal  softening  may  exceed 
strain  hardening  so  that  the  flow  stress  falls  with  increasing  strain. 

However,  in  the  present  experiments  no  catastrophic  load  drops  occurred  at 
strains  less  than  O.^i,  even  at  low  temperatures;  at  room  temperature  and 
above,  much  larger  strains  were  attained  before  fracture,  the  stress  falling 
quite  gradually  during  the  latter  part  of  the  test.  Thus  no  evidence  was 
obtained,  from  the  material  response  or  from  micrographic  examination,  of 
plastic  instability  causing  highly  localized  flow  at  an  early  stage  of 
deformation. 
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APPENDIX  A 

Theoretical  vave  analyBia  and  actual  observed  wave  atructure 
as  affected  by  the  -performance  of  the  present  clam-p  design 

Fig.  A1  shows  the  bar  arrangement  and  aimensions,  together  with 
a characteristic  x~t  diagram  of  the  elastic  torsional  wave  fronts 
during  a rate-change  test  and  the  corresponding  torq.ue  equilibrium 
in  the  testing  system.  Only  torsional  waves  are  considered  in  this 
figure  since  the  performance  of  the  clamp  is  assumed  to  be  ideal; 
possible  generation  of  bending  and  axial  waves  when  the  clamp  is 
released  ore  therefore  neglected. 

Typical  records  obtained  during  the  rate-change  tests  showed, 
however,  certain  characteristics  in  the  output  traces  which  are  not 
predicted  from  Fig.  A1.  Thus,  the  trace  level  was  not  constant  before 
the  arrival  of  the  main  pulse  to  the  output  torque  gauge  station,  and 
a marked  dip  was  observed  at  about  800  ys  after  the  start  of  the  main 
pulse.  These  features  were  consistently  obtained  with  copper,  but  were 
almost  undetected  with  titanium  or  steel,  as  can  be  seen  from  the 
corresponding  oscillogrcras . In  I,  it  was  suggested  that  when  the 
clamp  is  released,  axial  waves  are  also  initiated  which  travel  at  a 
higher  speed  down  the  two  bars  and  are  reflected  partly  as  torsional 
waves  at  the  motor  end.  Times  of  arrival  of  various  ripples  on  the 
output  trace  agreed  fairly  well  with  this  explanation. 

Two  other  hypotheses  have  been  examined  in  order  to  explain  the 
source  of  axial  waves  in  the  system  and  the  generation  of  the  torsional 
precursor  and  reflected  waves  associated  with  it.  The  first  hypothesis 
was  based  on  the  possible  accumulation  of  specimen  axial  strain  which 
may  be  associated  with  the  large  plastic  twist  during  quasi-static 
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straining  , as  reported  by  Swift  (19**7)  and  Ronay  (19^5,  1967).  To  check 
this,  the  specimen  gauge  length  was  carefully  measured  before  and 
after  twisting  to  a shear  strain  of  about  l.Oj  within  experimental 
accuracy  , no  elongation  waa  found.  Furthermore,  measurement  was 
taken  on  the  output  bar  of  possible  axial  strains  which  may  be 
produced  by  the  slow  rotary  unit  during  q.uasi“static  loading  and  none 
could  be  detected. 

Next,  the  performance  of  the  clamp  waa  studied  more  carefully. 

Axial  waves  may  be  initiated  when  the  clamp  is  released  if  the  two 
opposite  arms  of  the  clamp  are  not  exactly  symmetrical  with  respect 
to  the  bar  axis,  or  due  to  elastic  lateral  strains  occurring  at  the 
input-bar  section  underneath  the  clamp.  This  can  also  result  from 
the  method  of  tightening  the  clamp  to  fracture  the  notched  bolt 
holding  its  two  arms  together,  since  this  is  done  usually  by  means  of 
a lever  or  a torque  wrench  from  only  one  side  of  the  bar  system.  In 
order  to  investigate  this  experimentally,  a dummy  titanium  specimen 
was  attached  to  the  input  and  output  bars  and  the  clamp  subsequently 
tightened  until  fracture,  without  previously  storing  any  torque  in  the 
input  bar.  Torsional  and  axial  strains  were  both  measured  with  strain 
gauges  and  ar  oscilloscope.  Typical  results  of  one  such  test  are  shown 
in  Fig.  A2  where  the  top  and  lower  traces  represent  torsional  and  axial 
strains  in  the  output  bar  respectively,  both  traces  being  delayed  100  ps 
after  the  clamp  release.  A tensile  pulse  followed  by  a torsional  pulse 
of  almost  the  same  duration  {'vSO  ys)  can  be  seen  to  initiate  at  the 
clamp  and  to  propagate  and  reflect  at  end  obstacles  along  the  system. 

This  wave  structure  may  explain  therefore  the  peculiarities  observed 
on  the  output  torque  trace  in  a rate- jump  test.  Thus,  in  this  case, 
the  axial  pulse  precedes  the  main  torsional  wave  propagates  down  the 
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system  and  through  the  short  plastically  twisted  specimen.  This 
results  in  a combined  axial  and  torsional  wave,  the  degree  of  the 
interaction  being  mainly  governed  by  the  amplitude  and  duration  of 
the  axial  pulse  and  the  strain-rate  sensitivity  of  the  material 
tested  (Clifton  19^6,  Lipkin  and  Clifton  1968,  Hsu  and  Clifton 
19T  U)  ■ This  can  also  be  observed  in  the  oscillograms  of  Fig.  A3, 
each  showing  as  the  top  trace  the  signal  from  the  output-bar  torque 
gauges  and  as  the  lower  trace  the  signal  from  the  output-bar  axial 
gauges;  the  latter  gauges  were  centred  92mm  further  from  the  specimen 
than  the  former,  i.e,  178mm  from  the  end  of  the  bar. 

Fig.  A3  (a)  shows  the  results  of  an  exclusively  dynamic  test. 

The  same  copper  specimen  was  then  used  in  a rate-change  test;  the 
result  is  shown  in  Fig.  A3  (b).  Finally,  Fig.  A3  (c)  shows  the  results 
obtained  in  a clamp-release  test  with  no  torque  stored  in  the  input 
bar.  As  discussed  before.  Fig.  A3  (b)  is  typical  of  the  results 
obtained  on  copper  in  the  course  of  the  present  research  programme. 
Various  features  of  the  output  trace,  together  with  their  arrival 
times  at  the  measuring  station  can  be  fairly  well  pz’edicted  through 
an  x-t  diagram  similar  to  that  of  Fig.  A1  in  which  axial  waves  az’e 
eilso  taken  into  account.  That  such  features  were  almost  unobservable 
in  rate-change  tests  on  titanium  and  steel  can  be  explained  by  the 
difference  in  strain-rate  sensitivity  between  these  two  materials  and 
that  of  copper,  as  reported  by  Hsu  and  Clifton  (197^). 
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APPENDIX  B 

Arrangement  for  testinM  at  sub-ambient  temperaturBU 

Cooling  tolov  room  temperature  was  carried  out  by  controlling  the 
flow  of  liquid  nitrogen  into  a short  horizontal  container  sui‘roun.ding 
the  specimen,  which  was  directly  attached  to  the  input  and  output  bars 
with  Araldite  epoxy  cement.  Two  general  views  of  the  cryostat  can  be 
seen  in  Fig.  B1,  and  these  are  self-explanatory. 

Fig.  B2  shows  the  eontainer  on  its  support,  the  specimen  and  parts 
of  the  input  and  output  bars.  Two  glass-wool  rings  are  used  for 
insulation  and  strain-gauge  protection.  A copper-constantan  thermocouple 
bead  can  be  seen  soldered  to  the  brass  gauze  for  temperature  control, 
while  specimen  temperature  was  measured  by  a separated-junotion  copper- 
constantan  thermocouple  which  is  taped  to  one  of  the  specimen  shoulders. 

A general  view  of  the  associated  instrumentation  used  in  low- 
temperature  testing  is  shown  in  Fig.  B3.  This  consists  as  usual  of 
a millivolt  potentiometer  as  a temperature  read-out  and  a temperature 
controller  energizing  a valve  in  the  flow  path  of  the  liquid  nitrogen 
from  its  container  to  the  specimen  cryostat. 

As  mentioned  above,  all  specimens  were  attached  directly  to  the 
bars  with  Araldite  epoxy  cement  which  proved  to  be  a reliable  adhesive 
at  all  low  temperatures  down  to-’.06°C.  Temperature  gradients  along  the 
bars  within  the  cryostat  were  not  serious  enough  to  warrant  the  use  of 
tapered  extension  pieces  or  to  require  modification  of  the  method  of  data 
reduction.  Proper  strain-gauge  factors  were  used,  however;  these  were 
determined  by  direct  calibration  at  each  testing  temperature.  In  addition, 
tests  performed  with  dummy  specimens  indicated  that  the  input  wave 
propagated  througjiout  the  bar  system  without  distortion. 
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APPENDIX  0 

Bonding  of  the  teat  specimen  to  thq  torn  ion  bars  in 
Bplit-Hopkinaon-bar  experiments  for  tea  ling  at 
various  temperatureB 

The  torsional  version  of  the  split  Hopkinson-bar  method  of  testing 
materials  at  dynamic  strain  rates  has  proved  its  superiority  over  the 
axial  version  for  determining  the  flow  stress  of  imtei-ials,  especially 
at  large  strains.  The  major,  and  perhaps  the  only  serious  difficulty 
facing  the  experimenter  in  using  this  apparatus  is  the  devising  of  a 
reliable  method  for  bonding  the  specimen  to  the  input  and  output  bars. 

Under  testing  conditions,  such  bonds  should  be  rigid  enough  to  withstand 
the  input  torg.ue  so  that  the  observed  partition  of  the  travelling  waves 
into  reflected  and  transmitted  portions  can  be  considered  as  truly 
representative  of  the  specimen  deformation. 

For  testing  at  room  and  lower  temperatures  down  to  liquid  nitrogen 
temperature  (-186*C),  the  difficulty  can  be  overcome  by  using  suitable 
industrial  epoxy  cements,  such  as  Aroldite,  which  combine  strength  with 
fast  setting  at  room  temperature. 

Fo3-  elevated-temperature  testing,  industrial  adhesives  can  no  lojiger 
be  used  with  complete  reliability  since  roost  common  epoxies  lose  their 
strength  drastically  at  high  temperatures  (Cotter  and  Hockney  197M . 

Even  for  those  bonding  systems  specially  designed  for  high -temperature 
applications,  such  as  Polyimide  adliesives,  a maximum  temperature  of  250"C 
is  usunily  reccmmended  for  bonds  of  moderate  strength.  Furthermore,  the 
curing  of  these  adhesives  is  generally  elaborate  and  complicated  and  appears 
to  be  more  of  an  art  than  systematic  procediare.  Although  such  adhesives 
have  been  used  successfully  in  previous  work  for  bonding  aluminiiun  specimens 
to  stainless  steel  bars  for  testing  at  temperatures  up  to  250®C 
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(Eltticl;e  and  Duffy  it  van  felt  worthwhile  to  develop  other  methodc 

for  I'o.idinii  variouc  diouitnilar  raaterialc  for  reliable  use  at  higher 
teraperatureo , 

Vfirioijie  ijoafiibilitiei'’  have  been  reported  in  the  literature  (Zimmer 
I9b3.  (Jberle  ot  al.  1965i  Thackery  and  Duedalu  1972).  These  and  other 
methodr  include!  brazing,  inertia  welding,  electron-beam  welding,  powder- 
metallui’i^  techniq.uea,  mechanical  bonding,  or  a combination  of  these, 
according  to  the  materials  to  be  bonded,  their  thermal  coefficients  of 
expansion  and  the  maxim jm  application  temperature. 

In  terms  of  cost,  reliability,  availability  and  bonding  time,  only 
brazing  and  mechanical  joining  were  considered  attractive.  The  aim  was  to 
bond  copper,  mild  steel  and  titanium  apccimens  directly  or  indirectly  to 
the  titani'om  torsion  bars.  In  I,  u solution  was  adopted  for  bonding  copper 
at  temperatures  up  to  hoo°C  indirectly  to  the  bars  by  use  of  silver  brazing, 
intermediate  stainless-steel  extension  tubes  and  room-temperature  epoxy 
adliosive.  The  same  procedru'e  worked  successfully  with  the  mild-steel 
specimens.  With  titani\mi,  however,  it  was  impossible  to  braze  the  specimens 
to  stainless  steel  with  the  silver  solder,  and  although  special  brazing 
alloys  containing  80!?  palladium  are  apparently  available  (NASA  1965), 
their  cost  and  application  requirements  were  found  diffrcult  enough  to  make 
further  trials  of  this  method  discouraging. 

Various  mechanical  assemblies  were  subsequently  tried.  These  ranged 
from  axiai  threaded  joints  to  the  use  of  lateral  screws  to  grip  the 
specimen  flanges,  and  shrink-fitting.  None  of  these  proved  reliable, 
since  wave  distortion  always  occurred  to  different  degrees  when  dummy 
specimens  were  tested.  A final  mechanical  assembly  was  designed,  which 
proved  successful.  As  shown  in  Figs.  Cl  and  C2,  it  consists  of  two  stainless 
steel  grips  resting  flat  on  the  specimen  flanges  and  attached  to  each  by 
means  of  four  axial  Allen  screws.  The  whole  assembly  is  subsequently  brazed 
to  stainless-steel  extension  tubes  which  are  in  turn  cemented  to  the 
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titanium  bare  with  Araldite.  Tests  with  duirmy  specimens  were  not  found 
completely  ideal,  as  can  be  seen  from  results  obtained  at  200  and  itOO°G, 
shown  in  Pig.  C3.  Nevertheless,  they  were  considered  acceptable, 
especially  since  in  testing  a standard  specimen  only  a small  portion  of 
the  input  torque  is  usually  transmitted  through  the  specimen  because  of 
its  yielding  and  further  plastic  deformation.  Results  shown  in  the  main 
text  (see  Figs.  5 (h)  , (i),  (j)  and  (k)  ) also  indicated  the  reliability 
of  this  method  of  assembly  since  all  traces  were  found  to  be  fairly 
snoobh  with  no  indication  of  reflections  occurring  at  any  of  the  joints. 
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TABLE  1 

Composition  of  materials  tested 


a)  Copper  (OniC) 

Analysis  of  polycrystalline  cc pper  specimen  material  (ppm) 

Ca  Fe  Pb  Mg  Ag  Na 

<1  <1  7 ^1  TO  <1 

Gas  analysis  of  polycrystalline  copper  specimen  material  (ppm) 

0 H N 

31.5  2.1*  1.0 

b)  Titanium  (IMI  130) 

Typical  maximum  metallic  impurity  levels  (ppm) 


A1 

500 

Cu  200 

Si 

200 

As 

5 

Fe  300 

Sn 

500 

Cd 

5 

Mg  20 

Ta 

15 

Co 

5 

Mn  500 

V 

500 

Cr 

10 

Ni  15 

U 

10 

maximum 

interstitial  impurity 

levels 

(ppm) 

C 

H 

K 0 

0 

eq. 

( at . %) 

200 

30 

90  2000 

O.T 

*N=20,C=50,H-0  (Conrad,  1966) 

c)  Mild  steel  (EN1B) 

Typical  composition  as  supplied  {%) 

C Si  Mn  S P 

0.125  0.02  1.15  0.3T  0.021 


TABLE  2 


Material  condition  as  supplied  and  as  tested 


Material 

As  supplied 

Heat  treatment 
of  s-pecimens 

Grain  density 
(mm“^ ) 

Copper 

Hot -rolled 

\00^C  X 2 hrs§ 

360 

(OFHC) 

annealed  rod 

10*"*  - 10“^  torn 

Titaniiun 

Hot-rolled 

700"C  X Is  hrs@ 

75 

(IMI  130) 

annealed  rod 

lU"**  - 10 '5  torr 

Mild  Steel 
(ENIB) 

Hot-rolled 

None 

090 

Fig.  6 (continued)  Oscilloscope  records  tor  tests  on  i 
(See  list  of  Illustrations  for  calibrations) 
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Fig.  13  Dynamically  strained  copper  apocimana 
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Quasi-static  stress-strain  curves  for  titaniun  at  various  tenperati 
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results  for  titanion  at  -lOO'C;  pre-strains  0.345,  0.178,  U.36B 
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Fig.  16(c)  Ifest  results  for  titaniun 
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Fig.  16  (f)  Ifest  results  for 


Mild  Steel 
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t’ig.  A2,  Waves  generated  by  release  of  the  clamp  (dummy  specimen,  no 

stored  torque).  | 

'i'imebase:  100  us/div;  upper  trace  delay:  lOOys 

Upper  trace:  torque,  5.^  Nm/div. 

Lower  trace:  axial  force,  1.88  kN/div.  (compression  upward). 
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Pig.  C3.  Transmission  of  torsional  wave  thro\agh  mechanical  connectors. 
Timebase,  100ws/div.  Upper  trace  delay,  200  us. 

Upper  trace,  37.0  Nm/div;  lower  trace,  38.0  Nm/div. 


